Cu 2 ZnSn(S x Se 1-x ) 4 (CZTSSe) thin film solar cells have been prepared by vacuum-based thermal evaporation of metal and binary sulfide precursors followed by annealing in a mixed chalcogen vapor at 550°C for one hour. The Zn/Sn ratio in the precursor was varied from 0.75-1.50 keeping the Cu/(Zn+Sn) ratio constant at 0. 
Introduction
Cu-based kesterite compound, Cu 2 ZnSn(S x Se 1-x ) 4 (CZTSSe) has recently emerged as the most promising photo-absorber material for low-cost high-efficiency thin film solar cells (TFSC), alternative to the current benchmark TFSC technologies based on CuInGaSe 2 (CIGS) and CdTe absorbers [1] [2] [3] [4] [5] . A tunable direct bandgap in the range of 1.0-1.5 eV for optimal terrestrial photoconversion and a large optical absorption co-efficient in the order of 10 4 -10 5 cm -1 makes
CZTSSe an excellent solar absorber for thin film solar cells. Using earth-abundant, non-toxic, and relatively inexpensive constituent elements, CZTSSe can support terawatt-scale module production in the near future and resolves commercial sustainability and/or environmental issues pertaining to CIGS/CdTe-based technologies [6, 7] .
Efficiency of the CZTSSe-based thin film solar cells have been improved quite significantly over the past decade since the first report by Katagiri et al. in 1997 [1] . Several fabrication routes for the absorber layer preparation have been investigated including vacuum-based evaporation [1] [2] [3] [4] [5] and sputtering techniques [8, 9] , as well as non-vacuum approaches using nanoparticle inks [10, 11] , hydrazine-based solution-particle slurry [12, 13] , electrodeposition [14, 15] , spray pyrolysis [16, 17] , and open atmosphere chemical vapor deposition (OACVD) [18] . Recently, an astounding photoconversion efficiency of 12.6% has been reported for CZTSSe solar cells with the absorber layer prepared by a non-vacuum process developed by IBM group that used hydrazine-based hybrid solution-particle slurry [13] . However, use of highly toxic and hazardous hydrazine severely limits the scalability of this process for commercial production.
On the other hand, vacuum-based physical vapor deposition methods are well-established standards for growing high-quality thin films in the semiconductor industry. Particularly, thermal evaporation method has been proved to be a commercially scalable and cost effective method to grow high quality CIGS and CdTe thin films in the past with unprecedented reproducibility, achieving high efficiency solar cells [19, 20] . In this article, we report on the fabrication and characterization of CZTSSe solar cells prepared by vacuum-based thermal evaporation technique. The investigation results specifically focused on the identification of the major factors that play key role in the photovoltaic performance of the thermally evaporated CZTSSe solar cells and directly correlate their electronic/photovoltaic properties with the absorber layer composition, microstructure, and back contact interface. Our results suggest the possible pathways for further improvements of the kesterite CZTSSe-based solar cells.
Experimental

CZTSSe absorber film and solar cell fabrication
The CZTSSe photoactive absorber layer was prepared in a vacuum-based two-step process. In the first step, high purity ZnS (99.99%), Cu (99.999%), and Sn (99.999%) were evaporated sequentially on molybdenum (Mo) coated soda-lime glass (SLG) substrates forming a stacked precursor layer of ZnS/Cu/Sn on SLG/Mo. In the second step, the precursor stacks were annealed under a mixed sulfur and selenium vapor at 550°C for one hour under atmospheric pressure to react with the precursor stack forming the polycrystalline CZTSSe film. The bi-layer
Mo back contact with an approximate thickness of 700 nm was deposited by DC sputtering on the SLG substrate. A vacuum thermal evaporator (CHA -SE 600) was used for the physical vapor deposition of ZnS, Cu, and Sn precursors. The thermal evaporation system is equipped with three individual sources and all three layers of the precursor stacks were sequentially deposited in one vacuum cycle. A base vacuum of 2×10 -6 torr was attained prior to the deposition. An Inficon XTC/2 thin film deposition controller connected to a quartz crystal thickness monitor was programmed for automated deposition of each layer in the stack within ±1% tolerance of the desired value.
Photovoltaic (PV) performance of CZTSSe-based solar cell is highly composition sensitive [21] .
The major challenge in fabricating a PV grade CZTSSe absorber layer is to control the final film composition that is favorable for an efficient solar cell. As a general consensus, high efficiency cells could be obtained with a Cu-poor and Zn-rich composition in the absorber layer, whereas stoichiometric films have been reported to show inferior PV performance. During the high temperature sulfurization/selenization process, Sn loss from the precursor as volatile Sn(S,Se) z have been reported, which complicates the film growth process. Also, the processing parameters during the absorber growth, such as peak temperature, temperature profile, annealing duration, S/Se vapor pressure etc. play key role in the quality of the fabricated films and resulting photovoltaic properties. Therefore, fabrication of a good quality CZTSSe absorber film is a challenging task. We have fabricated 7 sets of precursor films with a composition variation in a broad range. The Zn/Sn ratio was varied from 0.75-1.50 keeping the Cu/(Zn+Sn) ratio fixed at 0.7. The composition variation was achieved by changing relative thickness of the precursor layers in the stack. ZnS thickness was kept constant at 300 nm for all precursors while the thickness of Cu and Sn layers were varied to obtain different compositions of the precursors. The details of all precursor layer thicknesses and compositions are summarized in Table I . The heterojunction was formed by a thin (~50 nm) n-CdS layer deposited on the as- 
CZTSSe film and solar cell characterization
Elemental atomic composition and phase purity of the as-grown CZTSSe films were investigated by energy dispersive X-ray spectroscopy (EDX) and Raman spectroscopy respectively. The film surface morphology was studied by atomic force microscopy (AFM). Out of seven precursor sets as detailed in Table I , the cells fabricated on the CZTSSe film corresponding to the precursor set 3c showed best photovoltaic performance with the champion cell efficiency of 4.06%.
Raman spectroscopy was performed using a micro-Raman setup equipped with a 632 nm laser of ~2 μm spot size. The setup was calibrated to known Si peak at 520.7 cm -1 prior to the measurement. SEM images and EDX data were collected using a high resolution Zeiss
Ultraplus field emission scanning electron microscope (FESEM) equipped with EDX microanalysis. It is to note that the EDX data were collected on the bare CZTSSe film surface without the top CdS/ZnO layers for best accuracy. AFM imaging was carried out using a Picoplus AFM setup operated in tapping mode.
J-V characteristics of the solar cells were measured using a Keithley 237 source-measure unit (SMU) and data acquisition was performed through custom-built Labview program. The PV performance of the cells were measured under calibrated AM 1.5 (100 mW/cm 2 ) simulated solar irradiation using an Oriel (Newport corporation) class ABB solar simulator. The maximum increase of the cell temperature during the measurement under illumination was limited to <2°C.
Results and discussion
CZTSSe film properties
Structural and compositional studies of the CZTSSe films were carried out by Raman spectroscopy and EDX analysis. Raman spectra of the CZTSSe absorber film corresponding to each cell (1-7) are plotted in Fig. 1 (a) . Peak positions of possible binary and ternary phases (marked with black arrows) along with the signature peak positions for pentanary kesterite CZTSSe (marked with red arrows) are shown in Fig 1(b) The elemental composition analysis data for the film corresponding to cell 4 are summarized in Table II . Composition of the CZTSSe film was found to be Cu-poor and slightly Zn-rich with a Cu/(Zn+Sn) ratio of 0.773 and a Zn/Sn ratio of 1.13. It is evident that considerable amount of Sn was lost in the sulfurization/selenization stage which turned the Sn-rich precursor into a Zn-rich film.
Photovoltaic performance and device characteristics
The Table III .
The dark J-V characteristic of the thin film heterojunction solar cell was fitted according to equation (1) considering a two-diode model and are plotted in a semi-log graph in Fig. 3 showing each component.
Where, , are the reverse saturation current densities and , are the ideality factors of 
Microstructural analysis
The compositional analysis did not indicate the formation of any detrimental secondary phases, such as Cu 2-x S(Se) and ZnS(Se) which are known contributors for reduced shunt-resistance and high series resistance respectively in CZTSSe-based devices. Therefore, we studied the device microstructure to investigate the origin of such high R s and low R sh in our cells.
The film surface morphology was investigated by AFM and is shown in Fig. 4 . The average and rms roughness of the surface were calculated using the following formula:
where is the total number of points within the region of analysis, is the evaluation length over which the analysis is performed, is the function defining the measured surface profile, These highly conductive secondary phases are far more detrimental to the device performance as it creates shunt paths throughout the device leading to a low R sh . In our fabricated array, the superior cells (such as Cell 4) were free from these device killing secondary phases. We believe that optimization of the film growth parameters will help achieve a more uniform large-area array with higher cell efficiencies.
Conclusions
In this work, we have successfully fabricated monolithic arrays of CZTSSe solar cells using a vacuum-based evaporation technique. Structural, compositional, and morphological properties of the CZTSSe films were investigated by Raman spectroscopy, EDX, and AFM respectively. 
